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ABSTRACT
The stellar Rotation vs. Age relation is commonly considered as a useful tool to derive
reliable ages for Sun-like stars. However, in the light of Kepler data, the presence of
apparently old and fast rotators that do not obey the usual gyrochronology relations
led to the hypothesis of weakened magnetic breaking in some stars. In this letter, we
constrain the solar rotation evolutionary track using solar twins. Predicted rotational
periods as a function of mass, age, [Fe/H] and given critical Rossby number (Rocrit)
were estimated for the entire rotational sample. Our analysis favors the smooth rota-
tional evolution scenario and suggests that, if the magnetic weakened breaking scenario
takes place at all, it should arise after Rocrit & 2.29 or ages &5.3 Gyr (at 95% confidence
level).
Key words: Sun: rotation – stars: solar-type – stars: rotation – stars: fundamental
parameters
1 INTRODUCTION
Rotation-based ages of old Sun-like stars are rooted in a
complex and intricate dependence on age, rotation, turbu-
lent convection, structural variations and mass-loss due to
magnetized winds (Skumanich 1972; Reiners & Mohanty
2012; Guerrero et al. 2013; O’Fionnaga´in & Vidotto 2018).
Classically, the age-dating method that relies on this phe-
nomenon assumes that the rotational periods (Prot) can be
expressed in well-defined functions of the age and mass (or a
proxy of it), the so-called gyrochronology relations (Barnes
2007; Mamajek & Hillenbrand 2008). These relations had
successfully confirmed the paradigm of rotation-activity-age
coupling that powers the global dynamo evolution along the
main-sequence (Barnes 2007; Vidotto et al. 2014; do Nasci-
mento et al. 2014; Lorenzo-Oliveira et al. 2016, 2018) and
? E-mail: diegolorenzo@usp.br
reproduced the main features observed in open clusters span-
ning a wide range of ages (Meibom et al. 2015).
Apart from this inspiring agreement, some of the old
Kepler field stars shows unexpected fast rotation, especially
hotter ones with ages greater than 2−3 Gyr (Angus et al.
2015; Metcalfe et al. 2016). This tension led to idea that
after a critical Rossby number (Ro ≡ Prot/τCZ, where τCZ
is the convective turnover time; Noyes et al. 1984) a dras-
tic change of the stellar differential rotation (SDR) pattern
might hamper the production and maintenance of magnetic
field large-scale components over secular timescales. One of
the most important (and accessible) effects of this drastic
transition would be the presence of old and fast rotating
stars with reduced angular momentum loss caused by mag-
netized winds. However, recent observational results gave us
alternative hints about the possible smooth nature of the
Sun-like rotational evolution in the light of Kepler astero-
seismic data (Benomar et al. 2018).
© 2019 The Authors
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L2 Evolution of stellar rotation using solar twins
Motivated by this up-to-date discussion about the
smooth nature of the age-rotation relations, we can ask our-
selves: what solar twins can tell us about the solar rotational
evolution? This letter uses solar twins to evaluate a recent
claim (van Saders et al. 2016) about the solar rotational
transition at a given critical Rossby number. Sec. 2 describes
our working sample, selection criteria of solar twin rotators
and determination of Prot through activity time series. In
Sec. 3 we discuss the age-rotation evolution of solar twins
and the suitability of standard rotational evolution models.
The conclusions are drawn in Sec. 4.
2 SOLAR TWINS ROTATION SAMPLE
We compiled 79 solar twins (plus the Sun) presented in Spina
et al. (2018). Our sample was extensively observed over the
years (2011−2016) with HARPS spectrograph (Mayor et al.
2003) fed by the 3.6 m telescope at La Silla Observatory, to
search for planets around solar twins (program 188.C-0265,
Mele´ndez et al. 2017). To prevent the inclusion of anoma-
lously fast rotators due to binarity effects, 17 spectroscopic
binary (SB) stars and other solar twins with a close compan-
ion within 4” were discarded from the analysis (dos Santos
et al. 2017). Other interesting solar twins spectroscopically
analyzed in the past by our group were added to our sample
(HIP30503 and HIP78399 in Galarza et al. 2016). The re-
sulting HARPS sample of this work is composed of 65 stars.
In order to estimate rotational velocities and other stel-
lar parameters of interest, we made use of the updated atmo-
spheric parameters (Teff , log g, [Fe/H], and [α/Fe]) provided
by Spina et al. (2018). Gaia DR2 G band photometry and
parallaxes (Gaia Collaboration et al. 2018) were combined
to the spectroscopic data to obtain stellar ages, masses, log g
and other evolutionary parameters following the procedures
described in Grieves et al. (2018) (see their Sec. 6). For dis-
tant Kepler solar twins that will be described in the follow-
ing sections, we used the reddening G band corrections pro-
vided by Gaia DR2. The typical mass and metallicity of our
solar twin sample agrees with solar parameters within ±0.05
M and ±0.04 dex, respectively. Stellar atmospheric and evo-
lutionary parameters, projected Prot and other relevant in-
formation of the entire sample is shown in Table 1. Projected
rotational and macroturbulence velocities were determined
through HARPS full width half maximum of the cross corre-
lation function (FWHMCCF) vs. v sin i together with macro-
turbulence calibrations provided by dos Santos et al. (2016).
For details about the adopted procedures, see their Sec. 3.
The CCF based v sin i errors are computed propagating the
FWHMCCF calibration and typical v sin i measurement errors
estimated by dos Santos et al. (2016) yielding σ(v sin i)=0.23
km/s or σ(Prot/sin i) of 3 days (assuming 2% of σ(R/R)).
Given that the rotation axes of the stars are randomly
oriented in different inclination angles (i), our spectroscopic
analysis is limited by the projection factor sin i (Gray 2005).
This feature skews the Prot distribution towards higher val-
ues of rotation for a given age owing to the geometric factor
1/sin i. On the other hand, if one analyses a progressively
larger sample of stars, it is indeed expected that, for a given
age/mass/[Fe/H], the lower boundary of Prot/sin i distribu-
tion asymptotically matches with the true distribution of
Prot which is scattered by intrinsic effects (e.g. propagation
of initial conditions and SDR effects). In fact, this approxi-
mation has an optimal applicability for samples of twin stars
like ours, where mass and [Fe/H] effects, that might hamper
the statistical corrections towards the true Prot distributions,
are mitigated.
Through 106 Monte-Carlo (MC) simulations we sought
for an optimal selection criterion that closely unveils the dis-
tribution of stars with the highest chance of having sin i ∼1,
for a given sub-sample size N. We ran N MC simulations
assuming random angle orientations ranging from 0 to pi/2
for a range of angular rotational frequencies (Ω). We as-
signed an intrinsic Ω error of 10% to account for stellar
differential rotation (SDR, Epstein & Pinsonneault 2014).
For each simulation, the difference (∆) between the true
Prot and the median Prot/sin i distribution delimited by its
upper 0.5(P50), 0.7(P70), 0.84(P84), and 0.975(P98) per-
centiles cut-offs. This procedure was repeated 104 times in
order to estimate the best selection criteria (using the sample
medians of each upper percentiles cut-offs) that minimizes
|∆| − i.e. the stellar inclination selection bias. For a typical
sub-sample size of 10 stars, we found that the average be-
tween P70 and P98 estimates closely converges into the cen-
troid of the true Prot distribution, assuming rotation roughly
constant along the age domain considered. The exclusion of
the upper 2.5% of each simulation prevents to systematically
include unusually fast-rotating stars in each age-bin. Follow-
ing this selection prescription, we bootstrapped the 1σ con-
fidence intervals within each age-bin of 2 Gyr through 104
repetitions. We found 2 Gyr age-bin as our optimal choice
because it balances sampling and the ratio between the ex-
pected Prot evolution and realistic Prot errors due to intrinsic
effects, at least for stars older than ∼1 Gyr. In fact, dur-
ing the simulations, we also compute the age-Prot correlation
within each age bin and found negligible correlation between
both variables (p-value0.05). In Table 1, we highlight the
stars with probable sin i ∼ 1 along each age-bin. In Fig. 1
(left panel) we show our subsample of 10 stars with both
HARPS Prot/sin i and Prot measurements. Our Prot/sin i esti-
mates are consistent with the 1:1 relation represented by the
red dashed lines. The intrinsic errors associated to Prot mea-
surements (10%) are given by shaded region along the 1:1
identity line. As the inclination factor is encapsulated in
the Prot/sin i , the projected Prot are slightly shifted towards
higher rotation values albeit it marginally converges into
the shaded region indicating that the majority of these stars
have sin i ∼ 1.
Using our large Ca ii activity time-series of solar twins
(Lorenzo-Oliveira et al. 2018), we determined Prot of six stars
using a Generalized Lomb-Scargle analysis (GLS, Zechmeis-
ter & Ku¨rster 2009): HIP 1954, 30503, 36515, 79672, 95962
and 118115. Our procedure is similar to the one described
by Sua´rez Mascaren˜o et al. (2017). In brief, for each star, we
cleaned our time-series by removing the observations with
low signal to noise ratio around the Ca ii lines (SNR<30).
To avoid the inclusion of poor observations or stellar tran-
sient events such as flares, we removed from the activity
time-series outliers placed above ≥ 2.5σ. Then, we look for
the presence of strong signals with bootstrapped false-alarm
probability (FAP) ≥3σ at frequencies related to typical rota-
tional timescales (≤50 days). In other cases where no signifi-
cant peaks were found, we detrended the time-series from
eventual sinusoidal long-term signal (FAP≥ 3σ) that are
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Table 1. Relevant parameters for our rotation sample of solar twins stars analyzed in this paper. This table is available in its entirety
in machine readable format at the CDS.
HIP Age Mass [Fe/H] Prot/sin i Prot PProt PProt(Rocrit = 2.0) Remark
– [Gyr] [M/M] – [d] [d] [d] [d] –
1954 4.3+0.3−0.3 0.97±0.03 -0.090±0.003 26.6±3.1 24.1±0.2 25.2±2.7 24.8±2.7 This work
7585 4.1+0.3−0.2 1.03±0.03 0.083±0.003 24.1±3.0 23.0±2.3 23.4±3.4 20.3±3.9 See et al. (2017)
22263 0.6+0.5−0.6 1.06±0.03 0.037±0.006 14.8±3.0 11.8±3.0 9.6±4.3 9.6±4.3 Sua´rez Mascaren˜o et al. (2017)
30503 3.0+0.7−1.4 1.08±0.04 0.070±0.016 27.3±3.0 20.0±0.1 18.7±4 15.6±3.8 This work
36515 0.3+0.3−0.3 1.03±0.03 -0.029±0.009 11.9±3.0 4.6±1.2 7.2±2.3 7.2±2.3 This work
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Figure 1. Left panel : Comparison between Prot and Prot/sin i for
a subsample of 10 solar twins observed by HARPS. The dashed
red line stands for 1:1 relation and shaded region represents 10%
of Prot intrinsic errors. Right panels: Ca ii periodogram analy-
sis of three solar twins with different ages. The most probable
peaks for HIP30503 (upper panel), HIP1954 (middle panel), and
HIP118115 (lower panel) are 20.0, 24.1, and 40.5 days. The dashed
red lines stand for the false-alarm probability of 3 sigma.
likely to be associated to stellar cycle modulations. In these
cases, the Prot measurements are determined in subsequent
periodogram analysis of the detrended time-series. Signals
matching with the expected window function in period space
were not considered in our analysis. Figure 1 (right panels)
shows our periodogram analysis for three solar twins. Rota-
tion periods for another four solar twins were gathered from
the literature: HIP 7585, 22263, 42333 and 43297 (Petit et al.
2008; Wright et al. 2011; Sua´rez Mascaren˜o et al. 2017; See
et al. 2017).
Additionally, another four solar twins with Kepler
Prot were added to our analysis. Precise atmospheric param-
eters were obtained with Gemini/GRACES (ID:GN-2018B-
FT-101) and KECK/HIRES high signal-to-noise ratio and
high resolution observations conducted by our group (Bedell
et al. 2017, Yana Galarza et al. in prep.): Kepler-11, KIC
10130039, 12404954 and 7202957 (McQuillan et al. 2013;
Mazeh et al. 2015). The relevant information about the Ke-
pler solar twins are summarized in Table 1. Finally, we col-
lected literature data from three solar metallicity old open
clusters observed by the Kepler mission spanning a critical
age range of rotational evolution: NGC6811 (∼1 Gyr, N=5
stars) NGC6819 (∼2.5 Gyr, N=5 stars) and M67 (∼4 Gyr,
N=12 stars) (Meibom et al. 2011, 2015; Barnes et al. 2016;
Brandenburg & Giampapa 2018). We restricted our sam-
ple selection only to those stars with near-solar Teff based
on (B − V)0 index (5600 ≤ Teff ≤ 5900 K, Casagrande et al.
2010). For NGC6811, the (B − V) colors were estimated in-
verting the (g − r) vs. (B − V) calibration equation by Bilir
et al. (2005). The average Prot of ∼1 solar mass star in
these clusters are 10.2±0.6, 18.1±0.5 and 24.0±2.4 days for
NGC6811, NGC6819 and M67, respectively.
3 AGE-ROTATION RELATION
In Fig. 2 we highlight the rotational evolution of our sample
of selected solar twins (red triangles), open clusters (black
squares) and the Sun (in black, represented by the  sym-
bol). Stars with measured Prot are represented by the black
circles. We denoted as black crosses the centroid of each one
of the 2 Gyr age-bin based on its respective age-Prot average
and dispersion (see Sec. 2). The solar twin sample is com-
posed of those stars with Prot errors within 1σ from its re-
spective age-Prot cluster centroid. All selected stars are fully
consistent with expected dispersion due to intrinsic mea-
surement errors (∼10%). The only outlier is the 6 Gyr-old
KIC 10130039 which deviates from the expected Prot distri-
bution by more than 50%. Thanks to our extensive radial-
velocity monitoring together with detailed mapping of chem-
ical anomalies and activity levels (dos Santos et al. 2017;
Spina et al. 2018; Lorenzo-Oliveira et al. 2018), we found
that the stars placed considerably below the lower limit of
rotation rate for a given age are, in fact, spectroscopic bina-
ries. Two illustrative examples from dos Santos et al. (2016)
are the 4.0 and 7.2 Gyr-old SB HIP 19911 and 67620 which
rotate at 4.1 km/s and 2.7 km/s level (Prot/sin i ∼12 and
20 days), respectively. We found that these stars are not
likely to be representative of the rotational sample with a
significance higher than 3σ. To test the hypothesis of weak-
ened magnetic braking at a given Rossby number threshold
(van Saders et al. 2016), we constructed rotational evolution
tracks adopting the well-known modified Kawaler wind-law
(assuming N=1.5, Kawaler 1988; Krishnamurthi et al. 1997)
and the updated YaPSI grid of stellar tracks provided by
Spada et al. (2017) for different masses and metallicities.
The angular momentum equation is solved assuming a neg-
ligible moment of inertia change (dI/I → 0) along the main-
sequence:
dJ
dt
= −KwΩ3
(
R
R
)0.5 (
M
M
)−0.5
, for Ω > Ωsat (1)
The constant Kw is fine-tuned to match the unsaturated ro-
tational evolution model to the solar properties (Prot =25.4
days at 4.57 Gyr), considering 1.0 M/M and solar metal-
licity track. The saturated value of rotation rate (Ωsat) is
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Figure 2. Left panel : Modified Kawaler rotation track for 1.00
M and solar metallicity in solid black line without considering
the weakened braking efficiency scenario. We assign Rocritical at
the turn-off as 2.6 (RoTO). Dash dotted lines stand for 10% of
Prot error given by intrinsic effects. Kepler OCs are represented by
black squares. Solar twins with measured Prot are the black empty
circles. Selected twin sample and its respective age-Prot centroid
stand for red triangles and black crosses, respectively. The Sun is
represented by . Right panel : Modified Kawaler wind law model
for Rocritical=2.0.
scaled by the solar convective turnover time following Kr-
ishnamurthi et al. (1997). The rotational evolution model is
modified whenever the star approaches into the turn-off (TO)
region or a given critical Rossby number. After this stage,
there is a dominance of structural changes over the mag-
netic braking terms in the angular momentum evolution (i.e.
dJ/dt ≈ 0). Thus, we fix the angular momentum (JTO/crit),
leaving only the moment of inertia to vary towards the main-
sequence turn-off (van Saders & Pinsonneault 2013). For the
Sun, our turn-off threshold is at RoTO &2.6 (or ∼8 Gyr).
Predicted Prot were derived for 22 Sun-like members of
the OCs NGC6811, NGC6819 and M67 using Eq. 1. Effec-
tive temperatures were adopted as mass proxy using (B−V)
calibration by Casagrande et al. (2010) and literature spec-
troscopic [Fe/H] of each OC (Lee-Brown et al. 2015; Liu
et al. 2016; Netopil et al. 2016). In other words, the rota-
tional tracks were built as function of age, Teff and [Fe/H].
In Fig. 3, we test the consistency of our predicted Prot as
a function of Teff , fixing the age of each OC. The 1σ confi-
dence bands set by 10% of Prot uncertainty are represented
by the shaded regions around each OC age-Teff diagram pre-
diction. Visually, our predictions are in good agreement with
the existent Prot data. For NGC6811, we show a rotational
track for an age of 0.85 Gyr which is 15% younger than the
canonical age of 1 Gyr.
We show in Fig. 2 the RoTO ∼2.6 (left panel) and
Rocrit ∼2 (right panel) scenarios for the rotational evolu-
tion of the Sun. Visually, both approaches seem to be in
reasonable agreement. The magnetic weakened braking sce-
nario favors the faster rotators placed in the lower boundary
of the Prot distribution. On the other hand, the model with
smooth rotational evolution follows more closely the average
trend observed, especially towards the oldest stars.
We quantified the suitability of both approaches by
computing for each star the Prot probability density func-
tion that depends on the age, mass, [Fe/H] for a given Rocrit.
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Figure 3. Consistency check of our models using OC data. Blue,
red and black lines are the rotational tracks for M67, NGC6819
and NGC6811 with ages of 3.9, 2.4 and 0.85 Gyr, respectively.
Each OC is represented by its correspondent color. The Sun is
represented by .
The errors are always assumed to follow Gaussian distri-
butions. The adopted theoretical Prot is represented by its
median (PProt) and 16−84% percentiles based on Prot cumu-
lative distribution function (σPProt
). For instance, we derived
Ro=2.13 (PProt,=25.3 days). We calculated the Bayesian
Information Criterion (BIC). BIC accounts the trade-off be-
tween the fitting quality (Lˆ), number of fitting parame-
ters (k) of a given model (M) and the sample size (N):
BIC(M) = −2 ln Lˆ(M) + k ln N, where Lˆ(M) is the product
of likelihood of each data point with the composite errors
computed through quadratic propagation of the individ-
ual measured and predicted Prot errors. The BIC difference
(∆BIC(M2,M1) ≡ BICM2 − BICM1) derived from 2 different
models indicates which one is more likely. Defining M1 as
the smooth rotational evolution model (Fig. 2, left panel),
we calculated ∆BIC(M2,M1) where M2 stands for models
with progressively larger Rocrit ranging from 1.5 up to the
subgiant branch, where both assumptions converge into the
same Prot solution (Rocrit → RoTO). The OC stars were used
in this work as a consistency check of our models so our
statistical tests are only based on field stars.
To find the optimal Rocrit for our sample, all the pos-
sible uncertainties were considered (10% error related to
SDR, model errors due to stellar parameters and measured
Prot errors). The best fit in terms of Rocrit is 2.6+∞−0.1 with
the corresponding 1σ lower age limit of tcrit & 8.8, & 6.5,
& 4.2, and & 2.5 Gyr for 0.95, 1.00, 1.05 and 1.10 solar
mass and metallicity stars, respectively. On the other hand,
at 95% confidence level, our result marginally approaches
to the solar properties with the Rocrit ranging from 2.3 to
RoTO (tcrit &5.3 Gyr, for a solar mass/metallicity star). In
all cases, the ∆BIC analysis indicates values greater than +2.
For Rocrit,, we found ∆BIC=+9.2 indicating a strong evi-
dence favoring the smooth rotation evolution model, at least
until the solar rotational level (&25 days). For a solar mass
star, if the magnetic weakened braking scenario is taking
place at these Ro thresholds, we should only detect unusu-
ally fast rotators (i.e. stars that depart the gyrochronology
relations, considering the measurement errors) at ages con-
siderably older than the Sun (say &6 Gyr). Unfortunately,
there is a lack of Prot detections in this age range.
Given the statistical difficulties to disentangle the two
scenarios, we tend to favor the simplest assumption of the
smooth rotational evolution. Other possibility is that maybe
the magnetic transition might occur, if it happens at all,
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at later evolutionary stages than it was hypothesized be-
fore (van Saders et al. 2016). All in all, we conclude with
a marginal level of confidence that, considering the avail-
able data of solar twins, no indisputable indication emerged
about the weakened magnetic braking scenario. On the other
hand, we are aware that this phenomenon might be corre-
lated to other manifestations such as drastic changes in stel-
lar cycle morphology and also in stellar differential rotation
profile, as some Kepler data suggests. For a comprehensive
discussion of these possibilities, see Metcalfe & van Saders
(2017). Even though, we stress that more data of similar
stars is still needed to clarify this issue and firmly establish
at what level should we trust on rotation-based ages.
4 CONCLUSIONS
The goal of this paper is to test different rotational evolution
scenarios using a selected sample of solar twins characterized
with the HARPS, HIRES and GRACES spectrographs. Stel-
lar ages and other evolutionary parameters were estimated
through HR diagram analysis with the help of new Gaia
DR2 G band photometry and parallaxes and precise atmo-
spheric parameters. Measured Prot of 14 solar twins were
collected from the literature and/or estimated in this work
through Ca ii H & K activity time-series. To trace the rota-
tional evolution of solar twins, we build a grid of rotational
evolutionary tracks based on modified Kawaler wind law and
structural models. We compute these rotation tracks for a
large range of critical Rossby number (Rocrit) to account
for the magnetic weakened braking phenomena observed by
van Saders et al. (2016). We found a marginal statistical ev-
idence favoring the smooth rotation evolution. In the light
of magnetic weakened braking scenario, the lower limit of
critical Rossby number would be Rocrit & 2.3 (at 95% confi-
dence level) which intercepts an age range somewhat older
than the Sun and the end of the main-sequence. This result
highlights the difficulty to statistically discern both scenar-
ios with the current sample of solar twins. Therefore, it is
desirable that other works also approach this issue by de-
termining new Prot of old solar twin stars to clarify the past
and the future of the solar rotational evolution.
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